Syncytins are fusogenic envelope (env) genes of retroviral origin that have been captured for a function in placentation. Multiple independent events of syncytin gene capture were found to have occurred in primates, rodents, lagomorphs, carnivores, and ruminants. In the mouse, two syncytin-A and -B genes are present, which trigger the formation of the twolayered placental syncytiotrophoblast at the maternal-fetal interface, a structure classified as hemotrichorial. Here, we identified syncytin-A and -B orthologous genes in the genome of all Muroidea species analyzed, thus dating their capture back to about at least 40 million years ago, with evidence that they evolved under strong purifying selection. We further show, in the divergent Spalacidae lineage (blind mole rats [Spalax]), that both syncytins have conserved placenta-specific expression, as revealed by RT-PCR analysis of a panel of Spalax galili tissues, and display fusogenic activity, using ex vivo cell-cell fusion assays. Refined analysis of the placental architecture and ultrastructure revealed that the Spalax placenta displays a hemotrichorial organization of the interhemal membranes, as similarly observed for other Muroidea species, yet with only one trophoblastic cell layer being clearly syncytialized. In situ hybridization experiments further localized syncytin transcripts at the level of these differentiated interhemal membranes. These findings argue for a role of syncytin gene capture in the establishment of the original hemotrichorial placenta of Muroidea, and more generally in the diversity of placental structures among mammals.
INTRODUCTION
Vertebrate genomes harbor thousands of endogenous retroviruses (ERVs), which are the remnants of past infections of the germ line by ancestral retroviruses [1, 2] . At the time of integration, they display a structure close to that of the integrated proviral form of exogenous retroviruses with gag-, pol-, and env-related regions flanked by two long terminal repeats (LTRs) containing the signal for the initiation and regulation of transcription. Over time, they accumulated mutations, deletions, and truncations, and the majority of them are defective. However, some ERV sequences have conserved intact open reading frames (ORFs) coding for functional proteins contributing to the host physiology. Among them are the syncytin genes encoding the envelope (Env) protein of ERVs, initially required for intracellular entry of exogenous retroviruses by cell fusion, and that have been co-opted for a key role in placenta formation [3] . Two syncytin genes (syncytin-1 and -2) were first identified in the genome of primates. They are expressed specifically in the placenta, mediate cell-cell fusion in ex vivo assays, and have been functionally conserved for more than 25 and 40 million years (My) of evolution, respectively [4] [5] [6] . Moreover, syncytin-2 displays immunosuppressive activity [7] . Syncytin proteins are expected to mediate cell fusion of placenta cytotrophoblasts to form the essential multinuclear syncytiotrophoblast layer at the maternal-fetal interface [3] . Remarkably, two homologous counterparts have thereafter been identified in Muridae/ Cricetidae (syncytin-A and -B) [8] and then in Marmotini (syncytin-Mar1) [9] , in Lagomorpha (syncytin-Ory1) [10] , in Carnivora (syncytin-Car1) [11] , and in Ruminantia (syncytinRum1) [12] . All identified syncytins share closely related functional properties, although they have a completely distinct origin and are integrated at different genomic locations, suggesting that they were acquired through a process of convergent evolution. Interestingly, additional endogenous env genes have been reported to be specifically expressed in the placenta (e.g., syncytin-like env-Cav1 [13] , bos-env4/fematrin-1 [12, 14] , and enJSRV env genes [15] ) and, for the latter, to be involved in peri-implantation placental morphogenesis in sheep [16] . One challenging hypothesis is that this stochastic acquisition of genes of exogenous origin contributed in establishing the remarkable structural and functional diversity of placental structures. The maternal-fetal interhemal interface exhibits varying degrees of trophoblast fusion and invasion of the maternal tissues among mammalian species [17] , and different types of placental structures have been identified, with, in the most invasive hemochorial form, the fetal syncytial trophoblast being in direct contact with maternal blood [18] .
Detailed investigations of the syncytin-A and -B genes in the mouse have led to major advances in our understanding of their role in placentation. Among placentae of the hemochorial type, the mouse placenta displays a unique hemotrichorial organization, with three layers of trophoblasts separating the maternal blood lacunae from the fetal blood vessels [19] . The outermost layer, bordering the maternal blood lacunae, is cellular, composed of giant cells, whereas the middle (ST-I) and inner (ST-II) layers, which differentiate from the ectoplacental cone and the chorionic ectoderm, respectively [20] , are syncytial. We unambiguously demonstrated that syncytin-A and -B are essential for mouse placentation and contribute independently to the formation of these two syncytial layers. Indeed, gene inactivation of syncytin-A led to embryo lethality, with syncytin-A null mutant placenta displaying impaired ST-I fusion, overexpansion of unfused trophoblast cells, and decreased placental exchanges, finally leading to embryonic death [21] . In the syncytin-B null mutant placenta, impaired formation of ST-II layer, with evidence of unfused, apposed cells, was observed, together with an enlargement of maternal lacunae, disrupting the placental architecture; yet, syncytin-B null mouse embryos were viable, showing only limited late-onset growth retardation and decrease in neonate numbers [22] . In ex vivo experiments, syncytin-A and -B genes were found to display fusogenic activity, with different cell type specificity, suggesting different receptor usage [8] .
Altogether, these data suggest a possible contribution of syncytin-A and -B gene capture to the establishment of the original hemotrichorial placenta. To address this issue, we investigated the functional conservation of these genes throughout the evolution of rodents, in relation to the diversity of rodent placental architecture. A comprehensive analysis of the status of these genes within the mouse-related clade, as well as in the two other clades of rodents (in which two other syncytin/syncytin-like genes have been previously identified [9, 13] (see Fig. 1 ), was therefore performed. Here, we identified syncytin-A and -B orthologous genes in the genome of all Muroidea species analyzed, and further showed, in the divergent family, Spalacidae, that they have conserved placenta-specific expression and fusogenic activity. Interestingly, the placenta of two Spalacidae species, Spalax galili and Spalax carmeli, here described for the first time, display a hemotrichorial organization of the interhemal membranes, as similarly observed for other Muroidea species, yet with only one trophoblastic cell layer being fully syncytialized. Collectively, our data argue for a role FIG. 1. Phylogeny of the Rodentia with previously identified syncytin genes and the status of syncytin-A and -B during the radiation of the Muroidea. Rodentia can be grouped into three major clades: the mouse-related clade, the guinea-pig-related clade, and the squirrel-related clade. Branch length is proportional to time (in million years [My] ). Branches, the interrelationships of which are still unresolved, are represented as polytomies. Dates and branching positions are as previously described [25, 26, 29] . The name of the species tested for the presence of syncytin-A and -B ( a species in which they have been previously identified [8] ; *species the genome sequence of which is available) are indicated, together with the names of their corresponding family/superfamily and the length of the predicted Syncytin-A and -B proteins that were identified for each species (sequence of the Spalacidae syncytins were deposited in Genbank under accession numbers KM411964-KM411970; predicted sequences of the syncytins identified in the genome databases for P. maniculatus, C. griseus, and M. ochrogaster are given in Dataset S1; the remaining sequences have been published previously [8] ). The rodent lineages which have not been tested for the presence of syncytin genes in the present study (e.g., the Platacanthomyidae which branchs basally within the Muroidea) are not indicated.
[c], Only partial sequences could be retrieved, yet with coding capacities; À, no syncytin-A and -B homologous sequence identified by either PCR amplification or database search. The time of insertion of the syncytin/syncytin-like genes identified to date in Rodentia is indicated by red arrows.
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of syncytin gene capture in the emergence of the unique hemotrichorial placental structure in Muroidea, and possibly the diversity of placental forms among mammals.
MATERIALS AND METHODS

Database Screening and Sequence Analyses
The mouse (Mus musculus, UCSC GRCm38, 2011), the rat (Rattus norvegicus, UCSC/Baylor HSGC RGSC_v3. 4, 2004) , the prairie deer mouse (Peromyscus maniculatus bairdii, NCBI/Baylor HSGC Pman_1.0, 2013), the Chinese hamster (Cricetulus griseus, UCSC C_griseus_v1.0/CriGri_1.0, 2013), the golden hamster (Mesocricetus auratus, NCBI MesAur1.0, 2013), the prairie vole (Microtus ochrogaster, NCBI/MicOch1.0, 2012), the blind mole rat (S. galili, DDBJ/EMBL/GenBank AXCS00000000 database, 2014), the lesser Egyptian jerboa (Jaculus jaculus, NCBI JacJac1.0, 2012), the naked mole rat (Heterocephalus glaber, UCSC/Broad Institute hetGla2, 2012), the guinea pig (Cavia porcellus, UCSC/Broad cavPor3, 2008), and the ground squirrel (Ictidomys tridecemlineatus, NCBI/Broad Institute SpeTri2.0, 2011) genomes were screened for the presence of the identified syncytin-A and -B sequences, using either syntenic genomic regions or Blast search. Analyses of the syntenic conserved sequences in each genome were performed using the MultiPipMaker synteny building tool (http://pipmaker.bx.psu.edu) [23] with the mouse genome sequence as a reference.
The syncytin homologous sequences were extracted from the genomic databases and translated into amino acid (aa) sequences. Signal peptides were predicted using the SignalP 4.0 Server (http://www.cbs.dtu.dk/services/ SignalP). Multiple alignments of aa sequences were carried out by using the Seaview program and the ClustalW protocol (http://www.ebi.ac.uk). Maximum likelihood phylogenetic trees were constructed with PhyML with bootstrap percentages computed after 100 replicates using the Seaview program. PAML4 was used to run site-specific selection tests and obtain nonsynonymous-tosynonymous mutation ratios (dN/dS) for all syncytin sequences. The PAML models analyzed assumed no molecular clock (clock ¼ 0), a single dN/dS for all tree branches (model ¼ 0), and we used likelihood ratio tests to compare the improvement in likelihood for a model (M8) allowing for positive selection compared to a model (M7; NS site ¼ 7À8) that does not. Each analysis ran until convergence (Small_Diff ¼ 0.5e-6), and the control file is available upon request. HyPhy was used on the datamonkey web server (www.datamonkey. org) to run site-specific random effect likelihood (REL) and fixed effect likelihood (FEL) tests.
Biological Samples
Two female blind mole rats S. galili and S. carmeli were trapped near Central Upper Galilee, Israel and Muhraqa, Mount Carmel, Israel, respectively, in February 2012. Captured animals were housed under ambient conditions in individual cages in the Animal Facility of the Institute of Evolution, University of Haifa (Haifa, Israel). Animals were killed with an anesthesia agent (isoflurane), according to a protocol approved by the University of Haifa. Five embryos (2 wk old) and three embryos (3-4 wk old) were recovered from S. carmeli and S. galili, respectively. The uteroplacental unit of embryonic vesicles, the embryos, and the tissues (uterus, brain, liver, kidney, intestine, spleen, pancreas, heart, lung, ovary, muscle) from each pregnant female were collected. Placenta from embryos of M. musculus pregnant females at 11.5, 14.5, and 16.5 days of gestation (Plateforme d'Evaluation Pré-clinique, Villejuif, France) were also recovered. Genomic DNAs from S. carmeli and S. galili were extracted from tissues of the pregnant females. Genomic DNAs from Spalax leucodon, Myospalax myospalax, Tachyoryctes sp., Dipus sagitta, J. jaculus, Allactaga elater, and Sicista betulina were extracted from alcoholconserved tissues (F. Catzeflis, Collection de Tissus de Mammifères de Montpellier, Montpellier, France).
Histological Analyses and In Situ Hybridization
After tissue collection, the whole uteroplacental unit of one embryonic vesicle of S. galili, pieces of two independent placentae of S. carmeli, and the placenta of one pregnant M. musculus (14.5 days of gestation) were immediately fixed in 4% paraformaldehyde, rinsed in 0.1 M phosphate buffer, dehydrated in a graded ethanol series, and embedded in paraffin. Serial sections (7 lm) were either stained with hemalum-eosin-saffron (HES) or used for in situ hybridization (ISH). For ISH, three PCR-amplified fragments from S. galili and mouse syncytin-A and -B genes, designed in the less-conserved regions between the syncytin-A and -B genes (primers listed in Supplemental Table S1 ; all supplemental data are available online at www.biolreprod.org), were cloned into pGEM-T Easy (Promega). In vitro synthesis of the antisense and sense riboprobes was performed with T7 or SP6 RNA polymerase and digoxigenin 11-UTP (Roche Applied Science) after cDNA template amplification. Sections were processed, hybridized at 428C overnight with the three pooled riboprobes (500 ng/ml of each riboprobe), and incubated further overnight at 48C with alkaline phosphatase-conjugated anti-digoxigenin antibody Fab fragments (Roche Applied Science). Staining was revealed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphatase alkaline substrates, as indicated by the manufacturer (Roche Applied Science). TUNEL assay was performed on 7-lm placental paraffin sections by using the In Situ Cell Death detection kit (Roche) according to the manufacturer's instructions.
RNA Isolation, Quantitative RT-PCR, and 5 0 Rapid Amplification of cDNA Ends RT-PCR For RNA extraction, the placentae, dissected out of the uteroplacental unit of the embryonic vesicle, the embryos, and the maternal tissues were immersed in RNAlater, and total RNA was extracted using the RNeasy RNA isolation kit (Qiagen). For real-time quantitative RT-PCR (qRT-PCR), RT was performed with 1 lg of DNase-treated RNA as previously described [24] . PCR was carried out with 5 ll of diluted (1:15) cDNA in a final volume of 25 ll using the SYBR Green PCR Master Mix (Applied Biosystems) in an ABI PRISM 7000 sequence detection system. Primers are listed in Supplemental Table S1 . Amplification primers were checked for identical amplification efficiency on a DNA calibration curve. The transcript levels were normalized relative to the amount of the housekeeping GAPDH gene (primers listed in Supplemental Table S1 ). Samples were assayed in duplicate. The 5 0 rapid amplification of cDNA ends (RACE) RT-PCR was performed with 300 ng of DNAse-treated RNA, using the SMARTer RACE cDNA Amplification Kit (Clontech; primers listed in Supplemental Table S1 ).
Electron Microscopy
Small pieces of placental labyrinth were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, postfixed for 2 h in aqueous 2% osmium tetroxide, stained en bloc in 2% uranyl acetate in 30% methanol, dehydrated, and finally embedded in epon. For ultrastructural observation, 70-nm ultrathin sections were stained with uranyl acetate and lead citrate, and examined with a FEI Tecnai 12 microscope at 80 kV. For optical observation, 1-lm semithin sections were de-embedded for 20 min at room temperature in sodium hydroxide-saturated ethanol and stained for 30 min at 568C with a 1% aqueous solution of thionine blue. After washings in absolute ethanol and xylene, the sections were mounted with Eukitt mounting medium.
Amplification of syncytin-A and -B Genes in Other Rodent Species
PCRs were performed on 100 ng of genomic DNA using Accuprime Taq DNA Polymerase (Invitrogen). Highly sensitive touchdown PCR protocol was performed (2-min elongation time at 688C, with 30-sec hybridization at temperatures ranging from 608C to 508C, À18C per cycle for 10 cycles, followed by 40 cycles at 508C). All genomic DNAs were tentatively amplified as indicated in the Results section with primers either upstream and downstream of the syncytin ORF (''Spalax'' primers listed in Supplemental Table S1 ), internal to the ORF (''Myospalax'' primers listed in Supplemental Table S1 ), or internal to the ORF and conserved among all sequenced syncytin-A or -B genes (''cons'' primers listed in Supplemental Table S1 ). PCR products were directly sequenced without cloning to avoid low-level mutations introduced by PCR.
syncytin-A and -B Expression Vectors and Fusion Assay
The syncytin-A and -B fragments PCR amplified from the genomic DNA of the Spalacidae species using the ''Spalax'' primers indicated above were digested with XhoI and MluI, and the PCR products were cloned into the phCMV-G vector (GenBank accession no. AJ318514; gift from F.-L. Cosset). A truncated syncytin-A gene lacking the 25 C-terminal aa was also amplified from the genomic DNA of S. carmeli and S. galili using the ''truncated'' reverse primer indicated in Supplemental Table S1 . Cell-cell fusion assays were performed by cotransfecting cells (1-2 3 10 5 cells per well) with syncytin-A and -B-expressing vectors along with a vector expressing an nls-LacZ gene (0.5-1 lg at a ratio of 1:1) using the Lipofectamine LTX and Plus reagent transfection kit (Invitrogen). For coculture assay, similarly transfected 293T cells were cocultured (1:1 ratio) with A23 target cells. At 48 h posttransfection or postcoculture, cells were fixed and X-gal stained to identify syncytia. All cell lines have previously been described [8, 10] . Cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum (Invitrogen), 100 mg/ml streptomycin, and 100 U/ml penicillin.
syncytin-A AND -B GENES IN SPALACIDAE
RESULTS
Identification of the syncytin-A and -B Genes Within the Blind Mole Rat (S. galili) Genome
The syncytin-A and -B genes are retroviral envelope proteinencoding genes consisting of a single ORF (617 aa and 618 aa long, respectively), and each present as a unique copy in the M. musculus genome. Homologous genes have been found in the genome of species belonging to the Muridae (R. norvegicus) and Cricetidae (M. auratus and Myodes glareolus) families in Rodentia ( Fig. 1 ) [8] . Here, to characterize further the conservation of syncytin-A and -B genes in Rodentia, we first searched for their presence in all representatives of Rodentia whose genome has been sequenced ( Figs. 1 and 2 ). Examination of the genomic loci of the murine syncytin genes indicated that syncytin-A is integrated between the putative Rfc2 and Clip2 genes, and syncytin-B between the Entpd4 and Slc25a37 genes (Fig. 2) . These intergenic regions were recovered from the UCSC/NCBI genome databases for the following rodents: mouse (M. musculus), rat (R. norvegicus), prairie deer mouse (P. maniculatus), Chinese hamster (C. griseus), golden hamster (M. auratus), prairie vole (M. ochrogaster), blind mole rat (S. galili), lesser Egyptian jerboa (J. jaculus), naked mole rat (H. glaber), guinea pig (C. porcellus), and ground squirrel (I. tridecemlineatus). As shown in Figure 2 , genomic alignment using the PipMaker synteny building tool (http://pipmaker.bx.
psu.edu/cgi-bin/multipipmaker) [23] confirmed that syncytin-A and -B-with their associated provirus sequences-are present, as expected, in all species belonging to Muridae and Cricetidae (Mus, Rattus, Peromyscus, Cricetulus, Mesocricetus, and Microtus; Fig. 1 ). It further revealed that both genes are also present at the orthologous syntenic locus in the S. galili species (Fig. 2) , which belongs to a sister branch of Muridae/Cricetidae (i.e., the Spalacidae), which diverged from them at least 37 My ago [25, 26] (Fig. 1) . The genes are missing in the genome of the other rodent species analyzed, and especially in the species J. jaculus belonging to the sister group to Muroidea (i.e., the Dipodoidea; Fig. 1 ).
The presence of syncytin-A and -B genes in the Spalacidae lineage was confirmed by PCR amplification (using a pair of primers bracketing the syncytin ORF; see below and Supplemental Table S1 ), and sequencing of a full-length ORF homologous to that of syncytin genes in the genomic DNA of four representatives of the family Spalacidae: the two sibling species of the Spalax ehrenbergi superspecies, S. carmeli and S. galili (genome sequenced), S. leucodon, as well as M. myospalax ( Fig. 1 ; sequences deposited under Genbank accession nos. KM411964-KM411970). For the species, M. myospalax and Tachyoryctes sp., we could only amplify an internal fragment of the syncytin-B gene for the former and of both the syncytin-A and -B genes for the latter, but these fragments showed significant homology to the related syncytin ORFs, and had , along with their surrounding cellular genes, were recovered from the UCSC Genome Browser (http://genome.ucsc.edu/), together with the syntenic loci of the indicated rodents (all rodent species genome of which has been sequenced, except Dipodomys ordii, the genome coverage of which is low); the positions of the exons (vertical lines) of the cellular genes and the sense of transcription (arrows) are indicated. Homology of the syntenic loci was analyzed using the MultiPipMaker alignment building tool. Homologous regions are shown as green boxes, and highly conserved regions (more than 100 bp without a gap displaying at least 70% identity) as red boxes.
coding capacity (''Myospalax'' primers and ''cons'' primers in Supplemental Table S1) (Fig. 1) . Finally, the DNA from D. sagitta, J. jaculus, Allactaga elater, and S. betulina, belonging to the sister group to Muroidea, the Dipodoidea, were found negative using the same primers or a pair of primers internal to the ORFs and designed in the most highly conserved regions between all available syncytin-A and -B orthologs ( Fig. 1 ) (''cons'' primers in Supplemental Table S1 ). Altogether, the PCR and the in silico data showed the presence of syncytin-A and -B genes in the Spalacidae branch, which, in addition to Muridae and Cricetidae, indicates that they are evolutionary conserved in most species of the superfamily Muroidea. It further showed that they are absent in all other rodent lineages, including Dipodoidea. These data suggest that syncytin-A and -B genes have inserted in the rodent lineage before the speciation of Spalacidae/Muridae/Cricetidae lineage, and after the divergence of Dipodoidae lineage, i.e., between 47 and 37 My ago ( Fig. 1 ) [25, 26] . The present identification of syncytin genes in the Spalacidae divergent lineage prompted us to carry out a genomic and functional characterization of these genes in the blind mole rat to assess whether they display characteristics features of bona fide syncytin genes related to those of their murine orthologs.
Characterization of syncytin-A and -B Env Proteins in S. galili
The predicted protein sequence of the syncytin-A and -B genes identified in the genome of the blind mole rat S. galili disclosed 66% and 80 % aa identity with their corresponding murine orthologs, respectively (Fig. 3) . The canonical sites and domains of the retroviral Env proteins show high conservation, including the predicted signal peptide sequence at the N terminus, a putative Furin/PACE cleavage site delineating a surface (SU) and a TM subunit (consensus: R/K-X-R/K-R), and a CXXC motif in the SU subunit corresponding to a binding domain between the two subunits (Fig. 3) . Hydrophobicity plots identify the hydrophobic transmembrane domain within the TM subunit required for anchoring the Env protein within the plasma membrane and a putative hydrophobic fusion peptide at the TM subunit N terminus. A canonical immunosuppressive domain is found in the S. galili Syncytin-A and -B proteins (Fig. 3) . Both of them display the aa critical for the immunosuppressive function (underlined in TAEK) [7] . Of note, the predicted Syncytin-A proteins characterized from the four Spalacidae species (S. galili, S. carmeli, S. leucodon, and M. myospalax) are 25 aa longer at their C terminus than their orthologs in Muridae/Cricetidae (shown in Fig. 3 for S. galili compared with M. musculus). Interestingly, this region shows significant nucleotide homology-45% over 77 nucleotideswith the noncoding region immediately 3 0 to the murine, rat, and hamster syncytin-A ORF (results not shown), thus suggesting that the syncytin-A gene inserted as a full-length env ORF, and was secondarily C-terminally truncated in the Cricetidae/Muridae lineage, after its divergence from the Spalacidae.
Characterization of the S. galili and M. musculus syncytin-A and -B Genomic Loci Examination of the syncytin-A and -B genomic loci (Fig. 4) revealed that both genes display an overall conservation of their genomic organization among M. musculus and S. galili. Both loci contain an intact env ORF and highly degeneratealthough recognizable-proviral structures, with only short regions with homology to gag and pol gene sequences, and the presence of species-specific repeated mobile elements (SINE FIG. 3 . Structure of a canonical retroviral envelope protein and alignment of the homologous mouse and blind mole rat Syncytin-A and -B proteins. A) Schematic representation of a retroviral envelope protein, with the surface (SU) and transmembrane (TM) subunits delineated, and the furin cleavage site (consensus: R/K-X-R/K-R) between the two subunits together with the C-X-X-C domain involved in SU-TM interaction indicated; the hydrophobic signal peptide (purple), the fusion peptide (green), the transmembrane domain (red), and the putative immunosuppressive domain (ISD; blue) are also indicated. B) Primary aa sequence and characteristic structural features of the Syncytin-A and -B homologous proteins from the mouse M. musculus and from the blind mole rat S. galili; same color code and abbreviations as in A; *aa identity; : aa similarity. Note the C-terminal extension of 25 aa in the S. galili Syncytin-A protein as compared to that of the mouse.
syncytin-A AND -B GENES IN SPALACIDAE and LINE elements) accounting for the size difference between the loci. Moreover, both genes show conservation of the regions for transcription initiation, which was shown to occur at the level of a putative 5 0 LTR predicted (using the Repeat Masker program) to be 5.7 kb in the mouse and 7.6 kb in the blind mole rat upstream of the ORF, for syncytin-A, and, rather unexpectedly, within internal sequences corresponding to the gag region, for the syncytin-B gene (see below).
However, despite similarities in their general genomic organization, the blind mole rat and mouse syncytin-B loci display small-scale, species-specific rearrangements (Fig. 4) . In the mouse, an inverted duplication of a 200-bp sequence is observed 2200 bp upstream of the env ORF. This duplication is present in the rat, but not in the hamster (results not shown), nor in the blind mole rat orthologous loci, and therefore occurred before the split between the mouse and rat (i.e., .12 My ago). The Spalax retroviral region displays a duplication of a 350-bp segment located 1300 bp upstream of the env ORF. This duplication is specific to the blind mole rat being not found in the locus of other Muroidea (mouse, rat, hamster), and therefore occurred ,37 My ago. Both duplicated segments have sequence similarities with two distinct, highly conserved domains of the pol gene [27] , and could have arisen via template jumping during reverse transcription. Of note, several predicted binding sites for the trophoblast-specific transcription factor Glial Cell Missing 1 (Gcm1) can be identified in the promoter region of the syncytin-A and -B genes, with the predicted Gcm1 binding sites located within 3 kb upstream and 1 kb downstream of the transcription start site depicted in Figure 4 . Interestingly, three of them are grouped at À130, À200, and À250 within the putative promoter region of the murine syncytin-B gene, the expression of which has been shown to be Gcm1 dependent [28] . These sites are not conserved in the blind mole rat.
Analyses of the Blind Mole Rat and Mouse syncytin-A and -B Transcripts
To test whether the blind mole rat syncytin genes display placenta-specific expression as observed for their murine orthologs, we examined their transcript levels in a panel of blind mole rat tissues, including placenta. Placenta, embryos, and somatic tissue samples were recovered from pregnant females of the two sibling species (divergence time, ca. 1 My [29] ) S. carmeli and S. galili at 2 wk (midgestation) and 3-4 wk (late gestation) of pregnancy, respectively (gestation length is VERNOCHET ET AL.
ca. 1 mo in the blind mole rat). Quantitative RT-PCR analyses were performed using primers designed to be specific for syncytin-A or -B (Supplemental Table S1 ). As illustrated in Figure 5 , the blind mole rat syncytin-A and -B genes have the characteristic profile of bona fide syncytin genes, since they are highly expressed in placental tissues, with no or very limited expression in other somatic tissues and in embryos. This is observed for the two Spalax species, with variations in the placental transcript levels of less than three-fold-but only one placenta sample was available from S. galili. Of note, Spalax syncytin-A and -B transcript levels are of the same order of magnitude as those measured in mouse placentae when analyzed at two comparable gestation stages (i.e. 11.5 and 16.5 days of gestation; delivery is at Day 21 in the mouse; Fig.  5 ). Although additional placenta samples would be required to assess the kinetics of syncytin-A and -B expression profiles throughout Spalax placental development, these data unambiguously demonstrate their placenta-specific expression in the blind mole rat (see also the recent Spalax transcriptome analysis [26] ), as expected for bona fide syncytin genes.
The 5 0 RACE RT-PCR experiments conducted on S. galili and M. musculus placental RNA led to the identification of syncytin-A transcripts initiated within a predicted LTR located upstream of the env ORF, and spliced between a donor and an acceptor splice site located downstream of the 5 0 LTR and upstream of the env initiation codon, respectively, as classically observed for retroviruses (Fig. 4) . Alternative splice sites were also observed. Unexpectedly, the 5 0 terminus of both M. musculus and S. galili syncytin-B transcripts maps within sequences internal to the degenerate provirus corresponding to the gag region, just between two domains conserved in conventional retroviruses, the major homology region and CysHis boxes (Fig. 4) [30] . Consistently, a putative promoter sequence is predicted (using the Promoter 2.0 prediction server; see Materials and Methods) upstream of the transcription start site (results not shown). Presumably, this internal promoter arose before the divergence between Muroidea and Spalacidae. However, the syncytin-B transcripts are spliced between a donor and an acceptor splice site, as those used for the generation of retroviral env transcripts.
Altogether, qRT-PCR and RT-PCR assays showed that blind mole rat syncytin-A and -B genes display a placentalspecific expression with characteristic features closely related to those of their respective orthologs in the mouse. This then raised the question of whether the blind mole rat and the murine transcripts display a similar localization pattern within the placenta. For this purpose, we first provide a description of the structure and ultrastructure of the blind mole rat placentafor which no data are yet available-followed by the analysis of the sites of syncytin expression by ISH.
Structure of the Blind Mole Rat Placenta
To assess their structure, the placentae from the S. carmeli and S. galili species at mid-(2 wk) and late-(3-4 wk) gestation time, respectively, were processed for histological analysis. When the comparison was possible, these two placentae turned out to share most of their characteristic structural features, with differences most likely due to different gestational stages. The following descriptions therefore apply to both of them, unless otherwise specified. HES staining of paraffin sections from the implanted late-gestation placenta showed a discoid-shaped bilobular structure, with a centrally inserted umbilical cord (Fig. 6A) . From the fetal surface, this fetomaternal tissue is subdivided into: 1) a large labyrinthine exchange zone with intermingled maternal lacunae and fetal vessels, 2) a uterine glandular epithelium, and 3) a layer of myometrium. Remarkably, huge periplacental blood pools are observed between the glandular epithelium and the labyrinth of the fullterm placenta (Fig. 6A ), yet additional placenta samples at this stage will be required to assess the generality of this observation. Detailed examination of the well-preserved zone of maternal-fetal contact in the midgestation placenta (Fig. 6B) showed that the labyrinthine area is apposed to the maternal uterine endometrial layer (the underlying glandular epithelium is not available on this sample) with a narrow junctional zone separating them. The latter contains lightly stained vacuolated trophoblasts (empty arrowhead), and is bordered on the maternal side by a discontinuous layer of trophoblast giant cells, which invade the uterine tissue and replace the endothelial wall of the maternal uterine vessels (Fig. 6B) , as observed in the mouse placenta. Of note, at the junction between the labyrinthine and the junctional zone, there is an accumulation of regularly spaced clusters of nuclei (filled arrowhead), which appear to be more numerous in the late- (Fig. 6C ) than in the midgestation placenta (Fig. 6B) . Smaller clusters of nuclei were also observed all over the labyrinthine zone (Fig. 6, C and D) . These aggregates were not stained upon Ki67 immunochemical staining (used as a marker of proliferating cells; data not shown), whereas some of the nuclei appeared positive in TUNEL assay, indicating apoptotic processes (Fig. 6E) . Such aggregates of nuclei have never been described in the mouse placenta. The labyrinthine zone syncytin-A AND -B GENES IN SPALACIDAE disclosed an intricate network of maternal lacunae and fetal blood vessels (Fig. 6D) , as also observed in murine placenta. However, as clearly shown in semithin epon-embedded tissue sections of placentae (Fig. 6, F-H) , the blind mole rat labyrinth consists of branched villous-like structures (one delineated in orange in Fig. 6F ) bathing in maternal blood. They are made of a continuous sheet of cytoplasm engulfing individualized islets (delineated in green in Fig. 6F ). Each islet (Fig. 6 , G and H) comprises several peripheral fetal vessels (delineated in yellow in Fig. 6F ), a central loose connective tissue, and mononuclear cytotrophoblast cells. The aggregates of nuclei were usually observed between these islets (black arrowheads in Fig. 6 , F and H). Note that the villous structures also contain individual fetal vessels (data not shown; see below). Interestingly, the observed fine structure of the blind mole rat placental labyrinth differs slightly from that of the mouse, which is shown for comparison in Figure 6I . Accordingly, the mouse labyrinth appears more compact, with the maternal blood lacunae extending over a smaller area and the fetal blood vessels being individually surrounded by trophoblastic tissue instead of being grouped within ''islets.''
Ultrastructure of the Blind Mole Rat Maternal-Fetal Placental Barrier
We then focused on the fine structure of the labyrinthine maternal-fetal units by electron microscopic analyses of eponembedded sections. A view of the membranes that separate maternal lacunae from fetal vessels (maternal-fetal interface) is shown in Figure 7 , A and B, for the mouse and blind mole rat placenta, respectively. As previously described [19] , the mouse interhemal barrier is hemotrichorial in organization (i.e., three layers of trophoblast separate maternal blood from fetal vessels): a sinusoidal trophoblast giant cell (stgc) layer lining the maternal lacunae and two syncytiotrophoblastic layers ST-I and ST-II, which are syncytial and are located closer to the maternal and fetal side, respectively. The latter is apposed to the endothelial cells of the fetal vessels. Interestingly, the strict FIG. 6. Structure of the placenta of S. carmeli and S. galili. A-D) HES staining of paraffin placental sections from S. galili (3-4 wk gestation; A and C) and S. carmeli (2 wk gestation; B and D). E) TUNEL assay performed on S. galili placental section. F-I) Thionin staining of semithin 1-lm placenta epon sections of S. carmeli (F-H) and of M. musculus at 12.5 days of gestation (I). F) A villous-like structure (orange line) containing ''islets'' (green line) with several fetal blood vessels (yellow line) is depicted. b, blood pool; CT, mononuclear cytotrophoblasts; uc, umbilical cord; fv, fetal blood vessels; gc, giant cells; gl, uterine glandular epithelium; jz, junctional zone; lb, labyrinthine zone; ml, maternal lacunae; myo, myometrium; ue, uterine endometrium. Black arrowheads point to aggregations of nuclei; empty arrowheads point to the vacuolated trophoblast. Bars ¼ 1 mm (A); 50 lm (B-F and I); 10 lm (G and H).
FIG. 7.
Ultrastucture of the placental labyrinth of S. carmeli and S. galili. Electron micrographs of the labyrinth of the placentae from (A) a 12.5-day pregnant M. musculus, (B, C-E, and G-I) a 2-wk pregnant S. carmeli, and (F) a 3-to 4-wk pregnant S. galili. A and B) Interhemal barrier at the interface between a maternal blood lacuna (ml) and a fetal blood vessel (fv), with a stgc, an endothelial cell (ec), and the two trophoblast layer I and II delineated (hemotrichorial organization). In some panels, layer I and II have been artificially colored in red and blue, respectively, except in F, where different colors have been used to highlight distinct layer II cells for the sake of clarity. C-E) Views of the villous-like structures showing a syncytial layer I with several nuclei (n), and elongated layer II cells, the cytoplasmic extensions of which contact mononuclear cytotrophoblasts (CT) or other extensions of layer II cells syncytin-A AND -B GENES IN SPALACIDAE interhemal barrier of both midgestation (Fig. 7B) and lategestation (Supplemental Figure S1 ) blind mole rat placentae shows a composition basically similar to that of the mouse, with stgcs lining maternal lacunae, two trophoblast layers closely apposed to each other and endothelial cells of fetal blood vessels, consistent with its classification as hemotrichorial. Broader examination shows that the trophoblast layer I is clearly syncytial (ST-I), with several nuclei regularly distributed within a unique cytoplasm (colored in red in Fig. 7C and Supplemental Figure S1 ). The ST-I layer cytoplasm extends all over the villus-like structure (delineated in orange in Fig. 6F ) and surrounds the fetal vessel-containing islets (delineated in green in Fig. 6F ). Localized aggregations of syncytial nuclei are observed in the thicker regions of this layer (Fig. 7C, inset) . They correspond to those detected by light microscopy within and at the periphery of the labyrinth in both placentae (see above). Aggregation of syncytial nuclei is a characteristic feature of the placenta of some rodents (e.g., the woodchuck) [31] , of humans, or of some marsupials [32] , yet it is reported here, for the first time, in Muroidea species (i.e., Muridae/ Cricetidae). Although the mechanisms underlying this process are unknown, it probably allows extensive thinning of the interhemal barrier for better fetomaternal exchanges. The nature of layer II is much less clear than that of the ST-I layer. In both placentae, layer II cells form elongated cytoplasmic processes, usually of bloated appearance and extending over considerable distances (colored in blue in Fig.  7 , C and D, and in Supplemental Figure S1 ). The tip of these processes makes cell-cell contact either with another elongated cellular process, with evidence of junctional complexes connecting them ( Fig. 7E and inset ; Supplemental Figure  S1 ), or with mononuclear cytotrophoblasts (Fig. 7 , C, D, and F; and Supplemental Figure S1 ). Some section planes revealed close apposition to cytotrophoblasts of more than two layer II cytoplasmic extensions-typically three or four (Fig. 7 F) . These data suggest that the layer II cells are mainly not syncytial. However, we occasionally observed two distant nuclei within an uninterrupted layer II cell (Supplemental Figure S1 ), suggesting that the fusion of cytoplasmic processes might occur, although at a very low level. The mononuclear cytotrophoblasts display ovoid nuclei (Fig. 7 , C, D, and F; Supplemental Figure S1 ), each containing one or two skeinlike nucleoli. They were often found in closely packed clusters and were connected by intercellular junctions, including desmosomes (Fig. 7G) . Interestingly, the cytotrophoblats interact with the layer II through areas of close contact, where desmosomes are also frequently observed (Fig. 7H) , suggesting that they could be undifferentiated progenitors of layer II cells. Depending on the section plane, the unfused layer II appeared to surround single individual fetal vessels (Fig. 7I) , or to form a cord around several of them ( Fig. 7D and Supplemental Figure  S1 ), delineating, along with the cytotrophoblasts, the fetal blood vessels containing ''islets'' colored in green in Figure  6F . Inside those islets, in contrast with the mouse placenta, fetal blood vessels are only partially in contact with layer II, and endothelial cells of fetal blood vessels usually do not tightly adhere to layer II, and often detach from it (Fig. 7, D and E; Supplemental Figure S1 ). This is probably linked to the unfused nature of layer II cells. Altogether, these data indicate that the blind mole rat placenta has the same hemotrichorial organization of the interhemal interface as the mouse placenta. However, it displays a clearly syncytial intermediate trophoblast layer and a highly elongated, mainly cellular inner trophoblast layer, whereas the mouse placenta possesses two syncytial trophoblast layers.
Localization of syncytin-A and -B Transcripts in the Blind Mole Rat Placenta
To investigate the localization of syncytin-A and -B transcripts in the blind mole rat placenta, we performed ISH experiments on paraffin sections of the placentae described above. Similar experiments were performed in parallel with the murine syncytin-A and -B genes on mouse placenta (at Day 14.5 of gestation) for comparison. Specific digoxigenin-labeled antisense probes were synthesized for detection of blind mole rat and murine syncytin-A and -B transcripts. The corresponding sense probes were used as negative controls.
As shown in Figure 8 , labeling was observed only with the antisense probes. In the blind mole rat placentae at both midand late gestation, syncytin-A and -B expression was localized in the labyrinthine region (Fig. 8 , A-C and K-M). At higher magnification, labeling for syncytin-A appeared located at the interface between maternal lacunae and fetal vessels, and apparently close to, but not in direct contact with, the maternal lacunae (Fig. 8, D and I) . A clear, unstained cell layer could be detected between labeled cells and maternal lacunae, at the position expected for the stgcs (see above). Moreover, the cellular layer surrounding the fetal vessels as well as the mononuclear cytotrophoblasts was not stained (Fig. 8, D and I) . Notably, ISH labeling was observed at the level of the aggregates of syncytial nuclei accumulating at the periphery of the labyrinth (Fig. 8, F-H ) and which originate from the syncytial ST-I layer (see above). These data are consistent with the syncytin-A transcripts being localized in the ST-I layer, and not in the stgcs, nor in layer II. This is reminiscent of the expression of the syncytin-A gene in the mouse placenta, where staining is restricted to elongated trophoblast cells surrounding the maternal blood lacunae, i.e., ST-I (Fig. 8 , E and J; [28] ).
Labeling of Spalax syncytin-B transcripts appeared more broadly distributed than that of syncytin-A transcripts (Fig. 8,  K-M) . At higher magnification, it was clearly detected in the elongated trophoblast cells surrounding fetal blood vessels (Fig. 8N) , suggesting expression in the elongated layer II. In addition, labeling was observed in some clusters of cytotrophoblasts (Fig. 8S) . This is consistent with syncytin-B being expressed in both the elongated layer II trophoblasts and their putative progenitors. Note that, because of the extended labeling, and the difficulty in distinguishing the trilaminar trophoblast subtypes using light microcopy, it is not possible to exclude syncytin-B expression in the ST-I layer. Accordingly, as observed for syncytin-A, ISH with the syncytin-B probe yielded a specific signal at the level of the aggregates of nuclei originating from the syncytial ST-I layer (Fig. 8, P-R) , which could suggest overlapping syncytin-A and -B expression in this layer. In comparison, the signal observed for the syncytin-B gene in the mouse placenta was restricted to elongated trophoblast cells immediately adjacent to the fetal vessels, i.e., in the ST-II layer (Fig. 8, O and T; [28] ). Conclusively, ISH has shown an overall evolutionary conservation of the syncytin-A and -B expression profile among blind mole rat and mouse, with syncytin-A transcripts confined to the placental FIG. 8. ISH for syncytin-A and -B expression on blind mole rat and mouse placental sections. Placenta from a 2-wk pregnant S. carmeli female (A-D, I, K-M), a 3-to 4-wk pregnant S. galili female (F-H and P-S), and a 14.5-day pregnant M. musculus female (E, J, O, T). Serial paraffin sections were processed for HES or ISH using digoxigenin-labeled sense or antisense syncytin-A and -B riboprobes revealed with an alkaline phosphatase-conjugated anti-digoxigenin antibody. Blind mole rat syncytin-A (A-C) and -B (K-M) labeling on serial sections in the labyrinthine (lb) zone. Note the broader signal observed with the syncytin-B antisense probe. D and I) Enlarged view of areas in C, with syncytin-A labeling detected at the interface between maternal blood lacunae (ml) and fetal blood vessels (fv). The cellular layer directly lining the maternal lacunae (most probably stgc; arrow), the layers surrounding the fetal vessels, and the cytotrophoblasts (CT) are not stained. N and S) Enlarged view of areas in M with syncytin-B labeling detected in the layers directly surrounding the fetal vessels (N) and in the mononuclear cytotrophoblasts (S). F-H and P-R) Serial sections showing that the aggregates of syncytial nuclei (arrowheads) accumulating between the labyrinth (lb) and the junctional (jz) zone are labeled by the antisense, and not the sense, syncytin-A and -B probes (F and P, identical panels). Murine syncytin-A (E and J) and syncytin-B (O and T) labeling in the labyrinthine zone with signal detected in the elongated layer lining a maternal lacuna for syncytin-A (J) or a fetal vessel for syncytin-B (T). Bars ¼ 25 lm.
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ST-I layer in both species, and syncytin-B transcripts located in the ST-II layer in the mouse and in the undifferentiated and progenitor layer II cells in the blind mole rat placenta.
Fusogenic Activity of syncytin-A and -B Genes in Spalacidae
To determine whether the placental expression of the syncytin-A and -B genes in Spalacidae correlates with a conservation of their functional properties, an ex vivo assay for their fusogenic activity was performed. The syncytin-A and -B genes were PCR amplified from S. carmeli, S. galili, and S. leucodon genomic DNA, and cloned into a CMV promoterdriven expression vector. Clones 100% identical to the reference sequences (without PCR mutations) were selected. These expression vectors, together with those expressing the syncytin-A and -B genes from M. musculus [8] , were introduced into a panel of mammalian cells originating from different species. As previously observed for the murine syncytin-B gene [8] , syncytin-B from each of the three Spalacidae species were found to be positive in dog MDCK cells (Fig 9A) , but not in the other cell types tested (results not shown), yet the fusion efficiency was markedly reduced as compared to that of the murine gene (see legend to Fig. 9 ). The similar cell specificity of syncytin-B genes in Spalacidae and mouse suggests identical receptor usage. No fusogenicity was observed for the syncytin-A gene from each Spalacidae species, when tested in a large panel of mammalian cells, including those undergoing cell-cell fusion upon expression of murine syncytin-A, namely, the human 293T and SH-SY5Y cells, the monkey VERO cells, and the murine LOK cells (see Fig. 9A for the LOK cells). Considering that the Spalacidae predicted Syncytin-A proteins possess a C terminus 25 aa longer than that of the mouse (Fig.  3) , and that it was previously shown, for the human Syncytin-1 protein, that deletions within its C terminus enhanced its fusogenicity [33, 34] , we tested the consequence of a truncation of the C-terminal domain of Spalax Syncytin-A. The gene was amplified from S. carmeli and S. galili DNA as a truncated ORF lacking the 25 C-terminal aa, and the expression vectors were transfected into the panel of mammalian cells tested above, but still no cell fusion activity was observed (data not shown). We then assayed another cell-cell fusion assay under coculture conditions-circumventing the ''receptor interference'' mechanism that might impair fusion efficiency-in which the highly transfectable human 293T cells, transfected with an expression vector for syncytin-A or -B (together with an nlsLacZ vector; see Fig. 9B ) were cocultured with a large panel of target cells from different species (Fig. 9B ). Cell-cell fusion was tested after 48 h of coculture upon X-gal staining for visualization of the syncytia formed between the Envexpressing and the target cells. A negative control env gene from the amphotropic murine leukemia virus (MLV) retrovirus, with no membrane fusion capacity [35] , was used. As expected, expression of syncytin-B from Spalacidae in 293T cells resulted in cell-cell fusion when using MDCK cells as the target (data not shown). Otherwise, as shown in Figure 9B , expression of both murine syncytin-A and -B genes in 293T cells resulted in cell-cell fusion when using the A23 lung fibroblast hamster cells as the target. Interestingly, under these conditions, the syncytin-A and -B genes from the three Spalacidae species demonstrated fusogenic activity, leading to the formation of numerous multinucleated syncytial structures-yet with still a slightly lower efficiency than that obtained with murine genes (Fig. 9B) . The truncated Syncytin-A proteins, assayed under the same conditions, also exhibited cell-cell fusion capacity, but without any increase in efficiency VERNOCHET ET AL.
(data not shown)-but additional mutations in the truncated gene might be required to restore full fusogenic activity. Finally, no fusion was observed with the amphotropic MLV env expression vector used as a control. Altogether, these results indicate that syncytin-A and -B are fusogenic genes in the Spalacidae lineage. Differences in fusion efficiency between the murine and the Spalacidae genes are observed, yet further studies will be required to assess their physiological significance (see Discussion). In conclusion, in silico analyses, combined with functional studies for their expression and fusion capacities, clearly show that both syncytin-A and -B have conserved the expected features for syncytin genes in the blind mole rat.
Molecular Evolution of syncytin-A and -B in Muroidea
Functional conservation of the syncytin-A and -B genes in the Spalacidae led us to assess the evolutionary molecular processes that shaped these genes during Muroidea speciation. Comparison of the aa sequences from the 11 syncytin-A and the 10 syncytin-B genes identified in Muroidea (Fig. 1) demonstrated high similarities, from 65.1% to 99.7 %, as expected for bona fide cellular genes (Fig. 10) . Interestingly, the phylogenetic trees generated from an alignment of Syncytin-A or -B aa sequences are congruent with the Muroidea phylogenetic tree in Figure 1 , with minor differences that actually correspond to nodes with low bootstrap values. Surprisingly, however, whereas Syncytin-A and -B display identical aa conservation across the Muridae/Cricetidae species (average is 85% vs. 87.8%, respectively), Syncytin-A is clearly less conserved than Syncytin-B in the Spalacidae lineage (69% vs. 81 % average aa homology between the Spalacidae and the Muridae/Cricetidae species; the C-terminal divergent domain was excluded from the analyses; Fig. 10 ). This can be explained by either a lower purifying selection pressure or a selection pressure for divergence (positive selection) that was exerted on syncytin-A during Spalacidae evolution. To infer the selective forces driving the molecular evolution of syncytin-A and -B during Muroidea speciation, we calculated the dN/dS between all pairs of species sequences, using the Nei-Gojobori method [36] (Fig.  10) . Accordingly, dN/dS ratio values were much lower than unity (between 0.14 and 0.34), suggesting the predominant action of purifying negative selection on all these genes. This pattern of dN/dS ratio is classically observed for cellular genes with a physiological function, in which nonsynonymous mutations are strongly selected against. We then performed a more refined analysis of the sequences, using methods allowing differences in selection pressure between different domains of the proteins to be revealed (site-specific selection). Such an analysis, using the PAML package [37] , provided support, for both genes, for a model (model M7) in which most of the codons are under purifying selection (77% of the codons with dN/dS ¼ 0.14 for syncytin-A and 83% of the codons with dN/dS ¼ 0.11 for syncytin-B), and some under neutral selection (dN/dS ¼ 1.0, 22% of the codons for syncytin-A and 17% for syncytin-B) (Supplemental Fig. S2 ). There is no significant support for a positive selection model (model M8 versus M7: chi-square ¼ 4.6, df ¼ 2, P value ¼ 0.097), suggesting that no sites are under positive selection. Analyses using the HyPhy package [38] with slightly different site-specific models (REL and FEL) lead to similar conclusions. Of note, the syncytin-A gene has less codons under purifying selection, and more syncytin-A AND -B GENES IN SPALACIDAE codons evolving neutrally as compared to syncytin-B, thus suggesting a lower purifying selection pressure acting on the former. Thus, the lower conservation of the syncytin-A gene in the Spalacidae lineage might not be due to a selective pressure for divergence, but rather to a specific, relaxed, selective constraint. Conclusively, the sequence analyses showed that the syncytin-A and -B genes have been preserved largely under purifying selection since their acquisition-although with possibly different selective constraints-as expected for cellular genes with a physiological function.
DISCUSSION
The syncytin-A and -B genes have been previously found in the murine genome, where they were demonstrated to be fulllength envelope protein-encoding genes with placenta-specific expression and fusogenic activity [8] . They were shown to be involved in the generation of the two syncytiotrophoblast layers found at the maternal-fetal interface of the mouse placenta, associated with the so-called hemotrichorial placentation type [21, 22] . Syncytin-A and -B homologous genes were thereafter detected in the genome of other species belonging to the Muridae (rat) and Cricetidae (hamster, vole) lineages. We here identified two syncytin-A and -B orthologous genes in the genome of the Spalacidae, which diverged from the Muridae/ Cricetidae .37 My ago within the Muroidea superfamily, and we demonstrated their absence in other Rodentia, in particular in the sister group to Muroidea, i.e., the Dipodoidea. This extends the presence of the syncytin-A and -B genes to most members of the Muroidea superfamily and pushes back their estimated time of insertion into the genome of the rodent lineage to 47-37 My ago [25] . The syncytin-A and -B genes are therefore the oldest syncytins identified to date in the rodent lineage (Fig. 1) . Functional studies indicate overall conservation of the syncytin-A and -B canonical features during Spalacidae speciation. In fact, we showed that Spalax syncytin-A and -B are specifically expressed in the placentaconsistently with the recent identification of syncytin-B gene in the transcriptome of the Spalax placenta [26] -and that they exhibit fusogenic activity, since they can mediate cell-cell fusion in an ex vivo assay. Finally, syncytin-A and -B genes have been subject to purifying selection in the course of Muroidea evolution, displaying low rates of nonsynonymousto-synonymous substitutions, as expected for genes with important physiological functions.
Interestingly, functional conservation of syncytin-A and -B genes in the genome of Muroidea correlates with the presence of a placental architecture unique to these species. In fact, the placental labyrinth of all Muridae (Mus, Rattus [39] , and Acomys [40] ) and Cricetidae (Mesocricetus [39] , Microtus, Myodes [40] , and Peromyscus [39, 40] ) examined so far have shown a conserved hemotrichorial structure, with three layers of trophoblast separating the fetal and maternal blood. Here, using both light and electron microscopic analyses, we provided the first description of the placenta of Spalacidae species, and demonstrated an overall organization of the interhemal barrier similar to that of other members of the Muroidea. ISH experiments on blind mole rat placenta sections further localize syncytin-A and -B transcripts at the level of the two differentiated trophoblast layers composing the trichorial maternal-fetal interface. The hemotrichorial placentation is therefore shared by-and unique to-all Muroidea species studied so far, together with the presence of the syncytin-A and -B genes. It is therefore tempting to propose that the establishment of the specific Muroidea hemotrichorial placental architecture among rodents involved the acquisition of syncytin-A and -B genes. Consistently, these genes are absent in the closest relatives of Muroidea, the Dipodoidea, which display a different placentation type (i.e., of the hemomonochorial type for the Jaculus and Zapus species [41] ), with unusual giant trophoblastic cells at the interhemal membrane, thus raising the question of whether a syncytin gene has been captured in this lineage.
However, although both the murine and blind mole rat placentae can be classified as hemotrichorial, subtle differences in the nature of the inner layer II at the interhemal barrier have been observed, being syncytial in the mouse and mainly composed of unfused elongated trophoblasts in the blind mole rat. Interestingly, this structural organization is closely related to that of the syncytin-B null placenta [22] , with a fully syncytialized middle ST-I layer and an only partially fused inner trophoblast layer II. Several parameters related to the nature of the syncytins (e.g., fusogenicity, level, and localization of their expression), or of their receptor, might account for this difference. Along this line, ex vivo experiments have shown lower syncytin-A-and -B-mediated fusogenic activity in the blind mole rat as compared to the mouse. Nevertheless, this difference could be due to impaired interaction of the blind mole rat Envs with the still-to-be-identified receptors expressed in the non-Spalacidae cell lines tested (no Spalacidae cell lines are available). Further studies, such as molecular characterization of functional Env domains or identification of the cognate receptors for Syncytin-A and -B in the blind mole rat and mouse species, will provide clues to account for the subtle differences in placental structures observed in these species. Finally, syncytin-A and -B add to another syncytin recently found in the higher ruminants, the syncytin-Rum1, the acquisition of which during mammalian evolution correlates with the emergence of the unique ruminant synepitheliochorial placentation, which involves the fusion of a binucleate trophoblast cell with an uterine epithelial cell, and with its diversification among species, its level of expression being correlated with the extent of trophoblast cell fusion in the sheep and the cow [12] . Altogether, these data suggest that the remarkable variability of placenta structures might result from the diversity of the syncytin genes that have been captured in the course of mammalian evolution.
A still unanswered question concerns the mechanisms by which envelope genes are recruited for syncytin function in the placenta. Are they used immediately upon insertion, or do they require modifications for acquiring a biological role? Here, we showed that syncytin-B is not transcribed from the canonical 5 0 LTR of the provirus, as is syncytin-A, but its transcripts initiate within the gag region in the mouse and the blind mole rat, suggesting acquisition of a new promoter. Presumably, this internal promoter arose de novo from cryptic motifs that had been activated after its endogenization and before the divergence between Muridae/Cricetidae and Spalacidae. This process is probably part of the mechanism for acquisition of a new ''syncytin'' function, and could involve acquisition of a new specificity of tissue expression. Note that three Gcm1 putative sites are predicted immediately upstream of the syncytin-B promoter in the mouse, but not in the blind mole rat. Further studies will help to determine the implication of their presence or absence in the regulation of the gene in both species. Another mechanism of acquisition of syncytin function could involve the truncation of syncytin-A in the Muridae/ Cricetidae species. Although we could not demonstrate this point ex vivo-but more subtle modifications of the gene might be required-it might be associated with enhanced fusogenic properties of the syncytin-A gene in these species, as previously demonstrated for the human syncytin-1 gene [33, VERNOCHET ET AL. 34 ]. This event could be linked to the higher selective constraint that acted on syncytin-A in the Muridae/Cricetidae species compared to the Spalacidae, as shown by the dN/dS measurements.
Finally, although blind mole rats are phylogenetically close to rat and mouse, they differ in many aspects of metabolism, physiology, and behavior. In fact, they spend their lives in underground burrows, and are therefore challenged by multiple environmental stresses, including darkness, hypoxia, and hypercapnia. Consequently, blind mole rats evolved multiple adaptative complexes to cope with these stresses [26, 42] . These adaptations include, for example, improved myocardial oxygen delivery, high erythocyte counts and hemoglobin levels, and, at the molecular level, a specific expression profile for a number of genes involved in angiogenesis, apoptosis, and oxidative stress management [43] . It is therefore tempting to speculate that the unique characteristics of Spalax placenta, as well as the different selective constraints acting on murine and Spalax syncytin genes described in this study, might be related to adaptation to an underground life. Interestingly, conditions of in vitro and in vivo hypoxia (e.g., placentae from preeclamptic pregnancies) have been associated with a reduced expression of human syncytin genes and altered trophoblast cell fusion [44] [45] [46] . It would therefore be interesting to compare the differential susceptibility of the syncytin-A and -B genes to an experimental hypoxic environment in the blind mole rat versus the rat and mouse. It could provide insights into molecular mechanisms that arose in the course of evolution for adaptation to this environmental stress, and might help understanding pregnancy-associated illnesses in women.
